An electromagnetic proportional solenoid is used as a force control device to generate thrust force acting on a valve element in a hydraulic pressure control valve. However, a conventional proportional solenoid has the problem of hysteresis appearing in its current-thrust force characteristics, which is induced by friction and magnetic hysteresis. In order to reduce hysteresis, this paper proposes the three-phase ac solenoid that reproduces a pseudo-magnetic bearing. Its prototype reduces hysteresis and achieves the same performance as the conventional proportional solenoid. The magnetic pole shape and the current input condition considering the magnetic flux density saturation are presented based on electromagnetic field analysis.
I. INTRODUCTION
A SOLENOID actuator shown in Fig. 1 is widely used in electromechanical system as a short stroke linear motor producing an electromagnetic thrust force according to the coil dc current. For a general solenoid actuator, the thrust force increases in proportion to the square of the reciprocal of the airgap between the armature and stator under the constant coil dc current [1] , [2] . Because of its force-current characteristics, the armature position should be limited just on the maximum or the minimum airgap, as it cannot control the position continuously when in between. Compared with the general solenoid actuator, a proportional solenoid shown in Fig. 2 can produce the thrust force in proportion to the coil dc current insensitive to the armature position. Therefore, the proportional solenoid plays a role as a current-thrust force converter to operate a valve in oil hydraulic or pneumatic system [3] . In the proportional solenoid, the magnetic flux is controlled by the special shape magnetic pole in its magnetic circuit, with a combination of magnetic saturation and magnetic flux leakage. The proportional solenoid can produce the thrust force proportional to the dc current irrespective of the position of the armature within a certain distance (control zone).
Though the proportional solenoid theoretically has linear thrust force-current characteristics by the thrust force production principle, an actual proportional solenoid has hysteresis, as shown in Fig. 3 . These characteristics were obtained by the measurement of a conventional proportional solenoid, as an example. The simulation results based on electromagnetic field analysis without the friction and the magnetic hysteresis are shown along with the measurement results. There are two possible causes of hysteresis. One cause is the mechanical friction due to eccentricity of the armature in the sleeve inside the solenoid, as shown in Fig. 4 . The other is the magnetic hysteresis in the magnetic circuit of the proportional solenoid. The solenoid has a certain radial clearance for armature movement. At a part of circumference of armature, the smaller the radial clearance due to eccentricity, the larger the electromagnetic attractive force becomes between the yoke 0018-9464 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. and the cylindrical surface of the armature drastically. In the condition where the armature touches to sleeve, the mechanical friction at the contact area induces the hysteresis. To avoid the eccentricity of the armature in a conventional proportional solenoid, mechanical linear bearings are incorporated to keep the armature axis at the center of the sleeve. Installation of the linear bearings makes the proportional solenoid structure more complicated. In order to reduce the hysteresis caused by the static mechanical friction and magnetic hysteresis, the dither, which is a high-frequency and small amplitude ac current, is added on the coil dc current [4] , [5] . However, the dither induces a slight fluctuation in the thrust force [6] - [8] . In this paper, we aim to reduce the hysteresis on the thrust force-current characteristics of the proportional solenoid due to the mechanical friction and to avoid the fluctuation of the thrust force due to the dither. We propose a proportional solenoid driven by a three-phase ac current, abbreviated as three-phase ac proportional solenoid (TPAC-PS), and present that it can reduce the hysteresis and can achieve the same performance as the conventional proportional solenoid driven by the coil dc current with dither.
II. THEORY OF THREE-PHASE AC PROPORTIONAL SOLENOID

A. Structure of TPAC-PS
In order to reduce the hysteresis appearing on a conventional proportional solenoid driven by the coil dc current, this paper proposes a proportional solenoid driven by the coil current of three-phase ac. Fig. 5 shows the TPAC-PS, having a structure that can form pseudo-magnetic bearings that avoid continuous touch of the armature to the sleeve. The yokes are around and orthogonal to the moving direction of the armature to conduct its magnetic flux. The arrangement of the yoke, for each phase of ac excitation of the windings, prevents the contact between the armature and the sleeve, and reduces the influence of mechanical friction. As shown in Fig. 6 , for low-frequency three-phase ac, the lateral attractive force makes the armature touchdown to the yoke and sleeve; then, noise and vibration, and friction are generated. For a high-frequency threephase ac, the direction of the lateral attractive force always switches before the armature touchdown to the yoke and behaves just like a magnetic bearing. Because the armature keeps some radial clearance to all yokes, the hysteresis caused by the mechanical friction is remarkably reduced.
B. Thrust Force of TPAC-PS
Regarding the thrust force of TPAC-PS, the attraction force F [N] of the electromagnet can be expressed by the following equation [2] :
where 
is obtained because the permeance of the airgap is P = μ 0 S/x with the permeability of air μ 0 . According to (1) and (2), the force F is expressed as follows:
where the negative sign indicates that the force is an attractive force. B g [Wb/m 2 ] is the magnetic flux density, and [Wb] is the magnetic flux at the airgap.
The magnetic circuit of the TPAC-PS can be represented using the electric circuit analogy, as shown in Fig. 7 . In the circuit, R, U , and represent the reluctance, magnetomotive force, and magnetic flux, respectively.
The thrust force F of the TPAC-PS is the sum of the attractive forces F U , F V , and F W [N] by the magnetic flux at the airgap between the armature and the stator of each phase magnetic pole. Therefore, it becomes as shown in the following equations:
where Substituting these into (5) results to the following equation:
This means that the fluctuation by ac component does not appear on the thrust force on the armature in the axial direction. Therefore, the behavior of the thrust force in the axial direction in TPAC-PS is the same as in a conventional proportional solenoid driven by the coil dc current.
III. THREE-PHASE AC PROPORTIONAL SOLENOID PROTOTYPE
A. Three-Phase AC Solenoid Fig. 8 shows the TPAC-PS prototype and its testing apparatus. It is possible to attach the force and position sensors to the linear stage and to measure the stroke and the thrust force simultaneously. Fig. 9 shows an appearance view of a prototype machine to confirm the performance of the TPAC-PS. It is not installed in the triangular magnetic pole to form the control zone on the stator, as it has been fabricated to measure the influence of the lateral force on the hysteresis in the thrust force-current characteristics.
B. Measurement Result of TPAC-PS Prototype
Figs. 10 and 11 show the measured results of the TPAC-PS prototype. As this prototype does not have triangular magnetic poles on the stator, there is no control zone in those results unlike in the conventional proportional solenoid. In Fig. 10 , the current amplitude was increased or decreased from 0 to 2.0 A at the fixed airgap of 0.26 mm at the frequency of the three-phase ac current of 50 Hz. Because the thrust force coincides with the round-trip of the current amplitude, it is effective in reducing the hysteresis. In Fig. 11 , when the stroke was increased or decreased at the current amplitude of 3 A and the frequency of the three-phase ac current of 50 Hz, it is confirmed that the hysteresis was reduced.
C. Reduction of Hysteresis
Although it was confirmed that thrust force hysteresis can be reduced in the TPAC-PS prototype, noise still occurred. It is conceivable that the armature is in contact with the yoke by attracting it by the lateral force. However, the theory that the hysteresis of the TPAC-PS is reduced is due to the fact that the armature is attracted to each yoke at high speed by three-phase alternating current, and the radial clearance between the armature and the yoke is always maintained. That is, the hysteresis is reduced despite the fact that the radial clearance is not maintained. Therefore, the trajectory of the armature with respect to the lateral force from each yoke was obtained by numerical analysis. The result is shown in Fig. 12 . The frequency of the three-phase ac current is 50 Hz, with the constant current amplitude of 3 A and the fixed airgap of 0.1 mm.
From Fig. 12 , contact between the armature and the yoke is also confirmed in numerical analysis. This is because the lateral force is also proportional to the square of the reciprocal of the radial clearance length due to the attractive force of the electromagnet, so the attractive force changes depending on the position. Specifically, a force is generated in the opposite direction due to the phase difference of the three-phase ac current, but the force in the opposite direction decreases by the amount attracted so far, so eventually it comes in contact with the yoke. 13 shows the time and the reaction force on the armature contact with the yoke wall. It is observed that the contact time with the yoke is short, which is only about 10% of the total time. Moreover, since the remarkably large force in Fig. 13 is an instantaneous reaction force due to collision with the yoke, it is thought that the noise has almost no influence on friction. It is a similar mechanism of hysteresis reduction by dither of the conventional proportional solenoid [9] . In dc current drive like a conventional proportional solenoid, because it continues to contact the yoke, the hysteresis due to the mechanical friction also appears. On the other hand, in the TPAC-PS, it is thought that it was able to avoid being touched by lateral force switching immediately, even if it contacts the yoke. 
IV. DESIGN OF TPAC-PS
A. Thrust Analysis of TPAC-PS
As it was confirmed that the TPAC-PS prototype reduces the hysteresis, it is capable of outputting a constant thrust force in proportion to the amplitude of three-phase ac current regardless of the armature position within the range of an arbitrary airgap length (control zone). Because the characteristic of a proportional solenoid is exerted by the triangular magnetic pole installed on to the stator, if the conventional proportional solenoid parts are used for the TPAC-PS, then the conventional characteristics should be reproducible [3] , [10] . Fig. 14 shows a TPAC-PS model that can be driven by the three-phase ac current while using a triangular pole in a conventional proportional solenoid. The stator of the TPAC-PS is trisected so that the magnetic flux loops at the magnetic pole of each UVW phase.
The thrust of the TPAC-PS was obtained by electromagnetic field analysis using the model in Fig. 14 . This model has two coils for each phase yoke. One is for the dc current drive; the other is for the ac current drive. The actual TPAC-PS has one coil for each phase yoke, and the coil is driven by the ac current added to the bias dc current. Table I shows the conditions for analysis of the conventional proportional solenoid and TPAC-PS. The conditions ①, ②, and ③ are for the conventional proportional solenoid driven by the dc current, TPAC-PS driven by only the dc current, and TPAC driven by the three-phase ac current, respectively. The conditions are set so that the output of TPAC-PS was theoretically the same as the output of the conventional proportional solenoid. The result is shown in Figs. 15 and 16 . The thrust force of TPAC-PS in condition ③ was averaged with the value in the slight thrust force fluctuation due to ac current in the constant airgap. In Fig. 16 , TPAC-PS in condition ② is driven only by the dc bias current. It has the similar characteristics of the conventional proportional solenoid in condition ①. The thrust force of the TPAC-PS in condition ③ is smaller than that of the conventional proportional solenoid.
For the theoretical value according to (7) , fluctuation on the thrust force by an ac component should not appear in the axial direction. However, the fluctuation is slight but did not disappear. The thrust force of TPAC-PS in condition ② is almost the same as that of the conventional proportional solenoid in condition ①.
In condition ③, thrust force reduction and fluctuation occurred due to three-phase ac current. It is conceivable that when the ac current added on the dc bias current increases, the magnetic flux density saturates partially in the magnetic circuit of TPAC-PS. The saturation of the magnetic flux density of the material used for the TPAC-PS is represented by the B-H curve by the electromagnetic field analysis software, as shown in Fig. 17. Fig. 18 shows the thrust and the ac current of TPAC-PS when the ac current is input only to the U-phase in the electromagnetic field analysis. Furthermore, Fig. 19 shows the thrust force of TPAC-PS driven by U-phase ac current added the dc current varying from 0.1 to 2.4 A.
The magnetic field applied to the material is determined by the number of turns of the coil and the current value. From  Fig. 18 , when the ac current value increases, the increase in thrust is remarkably hindered. This could explain why the thrust force of TPAC-PS is smaller than that of the one of the conventional solenoid, and fluctuates. 
B. Electromagnetic Field Analysis Under Magnetic Flux Saturation Conditions in TPAC-PS
In the TPAC-PS model in Fig. 19 where the input current exceeds 1 [A], the magnetic flux saturation occurs. Table II and Fig. 20 show the conditions for the three-phase ac current such that the ac amplitude is changed according to the dc bias current value, and the maximum value of the ac current added to the dc bias current is limited at 0.9 [A].
Figs. 21 and 22 show the thrust force-stroke and thrust force-current characteristics obtained by electromagnetic field analysis under the conditions shown in Table II . Except for the current input condition, the conventional proportional solenoid is the same as in condition ①, while the TPAC-PS is the same as in condition ③. Furthermore, the thrust force waveform driven by the three-phase ac current in conditions ⑦ is shown in Fig. 23 .
From Fig. 21 , the thrust of the TPAC-PS in condition ⑦ is larger than that in condition ③ in Fig. 16. From Fig. 22 , the thrust of the TPAC-PS is proportional to the direct current component like the conventional proportional solenoid. Moreover, from Fig. 23 , the thrust fluctuation of the TPAC-PS is smaller than that in Fig. 15 .
V. CONCLUSION
The TPAC-PS prototype reduced thrust hysteresis, due to the reduction in friction, which is realized by reducing the contact time of the armature to the sleeve by the three-phase ac current.
When TPAC-PS is manufactured with the conventional proportional solenoid parts and driven by three-phase ac current under such conditions as to avoid saturation of the magnetic flux, it is confirmed by electromagnetic field analysis that its thrust force equivalent to the conventional proportional solenoid would be obtained.
